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THR INFLUBNOE OF BULKHEAD §PLOING ).
BINDING STRE8SSXS DUZ TO TORSION

By Paul Euhn
SUMMARY

The reasons for the existence of bending stresses
due to torsion are briefly dlecussed, and the theoretical
formulas applying %o rectangular boxes with finite bPulk-
head spacing are glven. Tests are then described which
were made to verify the theory, strains being measured
on a rectangular torsion box with bulkhead spacings of
1/4, 1/2, 1, and 3 times the chord of the box. In the
normal deslgn range, the sgreement between calculation
and test was quite satisfactory; however, attention 1s
called to the fact that 1t is difficult to predict ac-
curately the distribution of the shear stresses in the
vlieinity of concentrated torque loads.

INTRODUCTION

When a shell structure 1s subjected to torsion, the
erogs sections have, in general, a tendency to warp out
of their original planes. If this warping is forecibly
prevented, normal or bending stresses are set up; in wing
structures utilizing a rectangular box as the main
strength element, these stresses may amount to more than
10 percent of the streeses caused by bending loads and
conpequently they cannot be negleocted in design., The ac-
companying shift of shear stress from the wing covers to
the shear webs may perhaps be even more important for de~
lign- )

The first theory of bending stresses due to torsion
in shells was given by Relssner (reference 1) for a box
of rectangular oross section with very closely spaced
bulkheads. In practice, the bulkhead spacing is fre-
quently about equal t0 the chord of the box or larger; 1t
was necessary, therefore, to develop a theory free from




the assumptlion of very closely spaced bulkheade, and this
tesk wes undertaken by Ebner (reference 2).

The theory of shkhell structures ie relatively new,
and the small margin of safety used in alrcraft strees
analysis makees 1t marndatory to verify all new theories by
means 0f experiments., A preliminary attempt to verify
the theory of bending stresses due to toreion (reference
3) waes rather inconclusive; the agreement varied from
very good to very poor. A study of the results indicated
two poesible reasons for the failure to achleve agreement:
elither some of the slimplifylng assumptions made in the de-
velopment of the theory did not represent the physical
facte closely enough, or gsome constructional features of
the test beams did not give a sufficliently close approach
to the theoretical conditions of continuity in the struc-
ture. In order to clear up the queetion, a new serlies of
tests was undertaken and the results are given in thile
paper. The necessary theoretical formulae are also glven
in order to make the paper self~contained.

THEORETICAL FORBMULAS

If a Pox beam as shown in figure 1 ie subJected to
equal and opposite torques T at the two ends, the walls
of the box will be stressed in pure shear, and the magni-
tude of the shear stresses will be given by the formula

S R | (1)

where A, 1s the enclosed area bec of the box and ¢

i the thicknese of the wall under conesideration. As the
torque ig being applied to the box, plane cross sections
will not remaln plane but will warp out of their original
Planes, ag indicated in figure 1, except in speclal cases,
If thls warping 1e prevented by fastening the box to a
rigld support as indicated in figure 2(a), longiltudinal
stresses will arlse, which are termed "bending" estresses
due to torsion, and the shear stresses will be changed
from the values given by formula (1), In practical de-
slgn, the equivalent of a rigid support is obtained by
symmetrical loading of a symmetrical structure as indi-
“cated in figure 2(b).
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‘THe "wtresses caused by preventing the warping have
been treated by a number of authors under the assumption
that the spacing of the bulkheads is infinltely close. 4
method of caloulation for the general case of finite spac-
ing was given by Bbner in reference 2, ZEbner assumes

that the box is divided into cells by eplitting the bulk-
heads. ZEach cell is subjected to a torque T and to a
group of forces X (fig, 3) on each end, The groups of
forces represent the restraining actions exsrted dy the
adjolning cells on the warping of the cell under consider-
ation. The magnitude of the unknown forces X 1g calecu-
lated by the theory of statically indeterminate struc-
tures,

The effects of the constraining forces are localized
in the region of the root, For most practical purposes
it 1s sufficient, therefore, to calculate these effects
for the root bay under the assumption that the cross sec-~
tion of the box 1s conatant along the span and equal to
the cross section of the root bay. The spanwlee distri-
bution of the torque is also relatively unimportant; 1t
is therefore permissible to use the formulas for a torque
applied at the tip of the box.

Under the assumptions discussed, the magnitude of
the constraining forces et the root section is given ac-
cording to reference 2 by

X, =% n - (2)
(1 + P\ P°
39\\1 + Z)

wvhere N and p are auxiliary parameters defined by

n = (3)
+
ty g
o~
2.67'a® &
P = == B (2)
2+ L
ty t;> AT




In formula (4); A4p  is the total area of the corner
‘flange, which congists of the corner flange A4y proper,

if present, and of the "equivalent" areas for the side
walls. Ae far as resigtance to bending 1s concerned, a
beam of rectangular cross section with a thickness ¢

and a depth h can be replaced by two concentrated
flanges having areas of ht/6 each and located a dis-
tance h apart. The walls 'd can, therefore, be re-
placed by equivalent areas btyp/6  located at the four
corners, and the walls © ocan be replaced by egquivalent
areas o%,/6 at the four corners., The total area of the

equivalent corner flange is therefore

bty - ot ' .
Ap = Ap + ;33-+ —gﬂ (5)

The normal etress in the corner flangea is obtained
by the formula

Provided the box is at least twice as long as 1t is wide,
the values of X at the first, second, eto. bulkhead
from the root are given with sufficient acouracy. by the
formulas ﬂ

X, = xoe:-¢ ;
C (7)
xa = xoe—e¢.J
where
¢ = cogh™ ¥ ll_i_E (8)
: y -2

The sign of the stresses O 18 determined most con=-
venlently by the following rule: .The stresses o are of
the same slgn as the bending stresses ithat would ococur if
the walls with the smaller, aspest ratio (b/ty, or o/t,)

absorbed the torque by bending action alone., In the case
of @ wing, this conditlon mesns normally that the stresses
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are of the same sign as the stresses which would ocour 1f
the shear wedbs acted as ‘two independent -spare in resisting
the torque. Within esch bay, the spanwise varlation of o
i1s linear. . .

Between bulkheads O and 1, the shear stress T ob~
tained by formula (1) ie changed in wall b by an incre-
ment .

ATy = = B:tb. (X, - X,) (9a)

and in wall ¢ by an increment

S :
AT, = + IO (x, .- X;) (9v)

L

the slgns being valid for the usual case in which the
ratio c/t, 1s emaller than the ratio b/ty,. In first

approximatlon, it may be aseumed that the increments AT
are dlstridbuted uniformly over their respective walls.
In second approximation, the portions

bt
AT-b (—sﬁ
and (10)

e

may be assumed to follow the famillar parabolic law of
distribution of shear stresses.

\

The formulas for AT in any bay other than the reot
bay are .eimilar to formulas (9a) and (9b); it is necessary
only to substitute the values of X for the two ends of
the bay. For example, between bulkheads 1 and 2 the in-
crements of shear stress ATb' axd A'rc would be gilven

by equations (9a) and (9b) with X, and X; seudbstituted
for X, and X,, - respectively.




TEST OBJEOT AND TEST PROCHEDURE

The tests were mads on a rectangular bdox of 348-T
aluninum alloy. The cross section of the box is shown in
figure 4., A general view of the box and of the loading
apparetus is shown in figure 5. The theoretical ocondi-
tion of a "built-in end” was obtained at the center of
the box by virtue of symmetry of structure and of loading,

The arrangement of the bdbulkheads 1s shown in figure
6. Tor the first two cases the bulkhead spacing was not
congtant slong the entire span; it was oonstant, however,
over the distance within which the bending stresses due
to torslon were of appreciable magnitude, as will be seen
by inspectiorn of the test results discusesed later. Bulk-
heads no longer required after eny one teet were rendered
inoperative by eawlng them in two from the outeide and
drilling out the rivets connecting the bulkheads to the
kin-

In order to reduce the buckling of the cover sheet,
‘the large panels at the ends of the box -were stiffened by
transverse angles attached externally with Parker Kalon
scroewg for the first two teste. Xor the last two tests,
these angles were removed and two longltudinal angles
were attached (fig. B5); eince these angles were on the
center lines of t{he sheete. they did not affect the
stresses.,

The strain readings were taken with Tuckerman optical
straln gages of 2-inch gage length, The total gage error
was estimated to average about EOQ0 pounds per square 1inch,
taking into account error of reading and temperature error,
The error in applied l0ad was estirated to be less than
one-half of 1 percent., Readings were taken at 0, 50, 100,
and O percent of the applied load, and repeat rune were
made whenever the final gero reading differed from the
initlal gero reading by 100 pounds per square Inch or more,

TEST RESULTS

Normal stresses.~ A chordwige plot of longltudinal
etralns measured in the firet test (bulkhead spaocing,
7 in.) 48 shown in figure 7. It will be seen that the
strains follow a pronounced ourve inctead of the stralght-
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line law which forms the basis of the-engineering theory
of bending. The stralas shown in figure 7 were measured
at the two atations 3%, inches from the-roots At "stations
farther away from the root, the ghape of the curves is
gimilar but, due to the lower intensities of the streeses,
the curves become more irregular.

By integration of several curves such as shown in
figure 7, 1t was found that the equivalent flange area
may be as low as btb/e ‘instead of the theoretiocal

bty/6, whioch is valid for straight-line dietribution of

the stresses. The difference between these two values 18
25 percent. The maximum bending stress due to torsion,
hovwever, 1e approximately proportional to the square root
of the area Ap; the change from btyp/6 to bty/8

would, therefore, cause only about a l2-percent change 1n
the stress o, This percentage of change 1s further re-

duced by the fact that the equivalent area for the wall &
constitutes only a part of the total area Ap. The devia-

tion from the stralght-line law may become relatively
more lmportant, however, when the cover has stiffeners at-
tached to 1t, because the stiffeners may furnlsh the larg-
est contributions to the area Am. The question 18 a

part of the general problem of shear-lag but hase received
only passing attentlon by various authors in the past,

The longitudinal stresses at the four corners of the
box were measured by placing Tuvckerman gages on the cover
sheet directly beside the flat dural etrips. The loca-
tlion of the gages thus determined was 13.75 inches from
the center line of the sheet, and the corners of the dox
were 14.08 inches from the center line; the gage readings
were therefore multiplied by 14.08/13.75 for oomparison
with the calcoculated flange etresses. A typlcal set-up of
strain gages 1s shown in figure 5. '

The experimental stresses o are shown in figures 8
to 11 together with the calculated stresses. The agree-
ment 18 esatiefactory in general. In the immediate vicin-
ity of the root, the experimental stresses are. somewhat
higher than the calculated stresses; the absolute magnl-
tude of this discrepancy 1s roughly the same for all tests
and consequently the percentage of error 1s qulte large
for the last test because the stresses are small,




The shear stresses at the two statione 3% igoches
from the root are skown in figure 12, Thesge gtresges
were computed from etraln rosette measuremsnts taken at
angles of 09, 465°, and 90° with the axis of ths box., Of
practical interest 1s the high shear stress in the ghear
webs o. The exceseg of the experimental ghear stress
over the computed shear stress in the webs 18 presumably
caused by introducing the torque by means of forces acting
on the two webs; the bulkhead 1s not quite equal to the
task of distributing the torque immediately to the four
gldes of the box, so that the webs have more than thelr
share of the load wkiles the cover sheets have less than
thelr share., The quantitative agreement between the ex-
cess strees in the web and the sorresponding deficlency
in the cover sheets on a percentage basis 1s very poor;
it ie possible that the strain measurements in the wed
were falsified by duckling due to the viecinity of the
torque reactions.

The shear stressee at the two statione located 24.5
inches from the root are shown in figure 1l3. At this
distance from the root, the effect of the constraining
forcee 1s quite small zfig. 8); as a result, the shear
stresses are nearly equal to the baslc value To given

by equation (1). The figure indicates one peculiarity
that 18 not explained by the theory: The stresses 1in the
cover sheet increase as the corners are approached and
reach the gsame values as the shear stresses in the webds,
.A glmilar, although less pronounced, increase of shear
strees near the corners was observed 1in a larger box with
stlffened cover tested for a-different purpose.

Measuremente were also made of the shear stress 1in
the two end bulkheads with a bulkhemsd spacing of 7 lnchee,
The experimental stresses were about 70 percent of the
calculated stresses, indicating elther that the torque
was not fully distributed by the end bulkhead or that
part of the torque vwas tranemitted by the angles arouad
the bulkhead acting as bents, or both.

OONCLUSIONS

If a rectangular torsion box with bdbulkheads spaced
at finlte distances has 2 built-in root section, the nor-
mal estreseses and the shear stresses caused by the con-
straint at the root can be calculated by Ebner'e formulas
with an accuracy sufficient for most practical purposes.
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The theory tends to be slightly on the unconservative

..8lde, particularly in the immediate vicinlty of the root:

Part of the dlscrepancy can bYe itraced t0 a nonlinear die-
tributlon of the bending etresses; this fector may requlre
attentlon when the cover consiste of stiffeners and thin
skin,

Special mllowances must be made on the shear stresses
at statlions where concentrated torques are introduced, be-
cause 1t will not be possible in many cases to0 predlct
very closely the efficiency of the bulkxhead in dlstridbut-
ing the load arcund the periphery of the box.

Langley Memorial Aeronautical Ladoratory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va. .
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